Abstract: Increasing wildfires in western North American conifer forests have led to debates surrounding the application of post-fire management practices. There is a lack of consensus on whether (and to what extent) post-fire management assists or hinders managers in achieving goals, particularly in under-studied regions like eastern ponderosa pine forests. This makes it difficult for forest managers to balance among competing interests. We contrast structural and community characteristics across unburned ponderosa pine forest, severely burned ponderosa pine forest, and severely burned ponderosa pine forest treated with post-fire management with respect to three management objectives: ponderosa pine regeneration, wildland fuels control, and habitat conservation. Ponderosa pine saplings were more abundant in treated burned sites than untreated burned sites, suggesting increases in tree regeneration following tree planting; however, natural regeneration was evident in both unburned and untreated burned sites. Wildland fuels management greatly reduced snags and coarse woody debris in treated burned sites. Understory cover measurements revealed bare ground and fine woody debris were more strongly associated with untreated burned sites, and greater levels of forbs and grass were more strongly associated with treated burned sites. Wildlife habitat was greatly reduced following post-fire treatments. There were no tree cavities in treated burned sites, whereas untreated burned sites had an average of 27 ± 7.68 cavities per hectare. Correspondingly, we found almost double the avian species richness in untreated burned sites compared to treated burned sites (22 species versus 12 species). Unburned forests and untreated burned areas had the same species richness, but hosted unique avian communities. Our results indicate conflicting outcomes with respect to management objectives, most evident in the clear costs to habitat conservation following post-fire management application.
Introduction
Increasing wildfires in western North American conifer forests have led to increasingly heated debates surrounding the application of post-fire management [1, 2] . Forest management objectives commonly incorporate yield-based paradigms with societal interests, such as biodiversity and conservation, social and cultural values, and system resilience [3, 4] . Thus, forest managers must often balance competing interests when planning post-fire management. Forest managers have increasingly implemented post-fire management to recuperate economic loss from fire, reduce subsequent fire risk, and boost post-fire forest regeneration [5, 6] . However, there is a lack of consensus as to whether post-fire management assists or hinders in achieving management goals [7, 8] . In addition, the alteration of post-fire habitats by management can have negative ecological consequences, making it difficult to balance competing objectives [1, 7] . For instance, surging wildfire activity threatens timber resources, posing large economic losses to the forestry sector [9] . Post-salvage logging is a common practice used to recuperate timber loss following fire by harvesting damaged timber from burned sites [10, 11] . However, it has also been tied to declines in species richness and changes in plant cover [12, 13] . Removal of post-fire woody fuels, such as snags and coarse woody debris, is used to reduce the risk of future fire and make burned sites more accessible to forest restoration work [1, 14, 15] . However, removal of these features can reduce important habitat for a number of species [16, 17] and has been suggested to potentially increase short-term fire risk by increasing fine fuel loads [18] .
To successfully balance trade-offs, managers need to understand the outcomes of management treatments relative to competing management goals. Although a number of studies have investigated the impacts of post-fire management on ecosystems structure and socioeconomic benefits, the complexity of interactions between various ecosystem properties, post-fire management treatment types and intensities, and variations in fire behaviour patterns across systems yields complex and inconsistent outcomes, e.g., [8, 11] . To disentangle these complexities, studies are needed that directly compare unburned forests, burned forests, and burned forests treated with post-fire management, so that, for instance, yield-based benefits such as increased tree regeneration can be directly contrasted with ecological changes over the same time scale [12, 19] . Moreover, because our understanding of the ecological effects of post-fire management are generally limited to short-term studies within a few years following fire and/or treatment [6, 17, 20] , the longevity of post-fire management impacts remains in question for many regions. The ecological response to post-fire management can also vary greatly across different biophysical settings [6, 10] . In regions where research is limited, like ecotonal eastern ponderosa pine (Pinus ponderosa Douglas ex C.Lawson) forests, post-fire management decisions are often based on research from regions that differ both biophysically and ecologically.
Eastern ponderosa pine forests represent the ecotonal boundary between western montane forests and the temperate grassland biome of North America [21] . Similar to western forests, wildfires have been increasing across eastern ponderosa pine forests in recent decades [2, 22] . In 2012 alone, 21% of Nebraska's most northwesterly population of ponderosa pine burned in mixed-severity wildfires (calculated from the Monitoring Trends in Burn Severity Project (MTBS), www.mtbs.gov). However, responses of these ponderosa pine forests to both wildfire and post-wildfire management are not well understood. Ecotones between grassland and forest biomes represent dynamic border regions that are assumed to be vulnerable to abrupt ecological transitions in the face of disturbance [23] . Severe wildfire is thought to lead to a state shift from forest to grassland within these regions (USDA Ecological Site Descriptions), leading to concerns about the loss of ponderosa pine forest following severe wildfire in eastern ponderosa pine. Differences in fuel dynamics and topography means that fires tend to be more frequent in the savanna like structure of eastern ponderosa pine forests compared to interior forests [21, 24] . These systems host unique ecological communities composed of both forest and grassland dwelling species [25, 26] . Thus, assessing the potential costs and benefits of post-fire management using studies from montane forests might not allow managers to appropriately identify the complexity of potential outcomes in eastern ponderosa pine.
Here, we assess the potential costs and benefits of post-fire management by contrasting structural and community characteristics across unburned ponderosa pine forest, severely burned ponderosa pine forest, and severely burned ponderosa pine forest treated with post-fire management in Nebraska's eastern ponderosa pine forests in the Pine Ridge region. Following a large mixed-severity wildfire in 2006, a number of sites were treated with coarse woody fuel removal and tree planting in order to decrease re-burn risk and increase pine regeneration. However, this region is also designated as a conservation priority landscape in Nebraska, due to its unique, ecotonal biotic communities [27] . Thus, we measured ecosystem characteristics indicative of these three management goals: tree recruitment, wildland fuels management, and ecological community and habitat conservation. Tree community, tree density, ponderosa pine sapling density, and ponderosa pine cone number were measured to assess tree regeneration and regeneration potential across sites. Snags and coarse woody debris were targets of post-fire management as they have been suggested to increase burn risk [28] . Thus, we assessed snag and coarse woody debris (CWD) characteristics, in addition to understory cover (as a measure of fine fuels), to determine wildland fuel characteristics. We also measured tree cavity characteristics, known to be important to a number of species [29, 30] and used snag and coarse woody debris measurements to compare habitat availability across sites. Bird community composition and species richness were also measured across sites to indicate wildlife response across disturbance types.
Materials and Methods

Study Area and Sampling Design
The Pine Ridge region of Nebraska represents an elevated escarpment in the northwestern corner of Nebraska, USA and hosts one of the easternmost communities of ponderosa pine in North America. The region has experienced a number of mixed severity wildfires in recent decades that have significantly altered the land cover of the region [25, 31] . In 2006, the mixed-severity Dawes Complex fire burned approximately 11,300 ha across a mixture of public and private lands in the Pine Ridge. Between 2009 and 2010, the USDA Forest Service implemented post-fire management within the Nebraska National Forest south of Chardon, Nebraska in areas that burned at high and moderate severity. The goals of post-fire management were to reduce future fire risk and increase rates of ponderosa pine regeneration. Post-fire management included the felling of snags using feller-bunchers and hand tools (on steeper sloped areas), along with skidder loaders to mechanically remove or stack coarse woody debris to control wildland fuels. Ponderosa pine seedlings were planted sporadically across treated sites to increase ponderosa pine regeneration following wildfire.
We implemented a stratified-random sampling design that distributed 45 sampling sites at a minimum of 80 m apart across unburned ponderosa pine forest, forest that burned at moderate to high severity and was not treated with post-fire management, and forest that burned at moderate to high severity and was treated with post-fire management. Fire severity was determined using the MTBS database (www.mtbs.gov), which uses remotely sensed pre-and post-fire reflectance data to create fire severity classes for 30 by 30 m pixels within a fire perimeter. Unburned forests along the burn perimeter designated by MTBS were identified using Google Earth imagery. The locations of post-fire treatments were obtained from the USDA Forest Service. Field measurements were taken between May-July during 2016 and 2017.
Tree Regeneration
At each sampling site, we created a 30 by 30 m plot. We counted and identified to species all woody species ≥ 1.4 m in height (diameter at breast height) that were rooted within our 30 by 30 m plot at each sampling site. We measured diameter at breast height (DBH) for all trees ≥ 1.4 m. From this data we isolated ponderosa pine saplings, young trees that had survived initial recruitment, to determine patterns in forest regeneration. Saplings were designated to include any tree ≥ 1.4 m in height with a diameter less than or equal to 11.4 cm following forest inventory guidelines used in a recent assessment in the same study region [32] .
We counted the number of pinecones at a site using a 30 m long, 0.5 m wide belt transect centered on the 30 by 30 m plot. We randomly determined the direction of the transect (North-South or East-West). We counted the number of pinecones that were within a quarter meter on each side of our transect line to estimate pinecone abundance at each site. 
Wildland Fuels
At each site, we categorized all self-supporting dead trees ≥ 1.4 m rooted within our 30 by 30 m plot as snags. We assigned each snag a decay class ranging from 1 (snag with intact twigs and bark) to 5 (rotten, snag with no branches or top pole, most of the heartwood is exposed; [33] ). We measured DBH for all snags.
We measured CWD (coarse woody debris with a diameter ≥10 cm; [34] ) cover at a site using the same 30 m transect used to measure pinecone abundance. To determine the percent CWD cover within our plot, we divided the length of the transect line covered by coarse woody debris by the 30 m (the length of the transect line) and then multiplied this by 100. We recorded the decay class for each piece of CWD that crossed the transect. Decay classes ranged from 1 (round, with branches, twigs and foliage) to 5 (semi-round structure, possibly in multiple pieces, with the heartwood exposed and decaying; [35] ).
We established five 1 by 1 m quadrats within our 30 by 30 m plots that were placed 15 m from the center of the plot in the 4 cardinal directions (North, South, East, West). A 5th quadrat was placed at the center of our sampling plot. Within each quadrat, we recorded the percentage of understory canopy cover of grass, forbs, shrub, fine woody debris (FWD; woody debris < 10 cm in diameter; [34] ), CWD, litter, pinecones, bare ground, and moss. Understory canopy cover was measured following the definition given by the Range Inventory Standardization Committee [36] .
Wildlife Community and Habitat
In each 30 by 30 m plot, two researchers systematically searched for tree cavities located on both trees and snags using binoculars. We defined a cavity to be any hole that was ≥ 2.54 cm in size and penetrated into the heartwood. Once a cavity was identified, the tree species, life status (alive or dead), DBH, and decay class (if dead) were recorded. We measured both the size and height of each cavity found within our plot. We also recorded whether the cavity appeared to be excavated by wildlife or 'naturally' formed (i.e., a limb-hole or crack in the trunk; [35, 37] ).
From 14 June 2017-20 June 2017, we conducted point-count surveys to estimate bird community composition. We performed surveys within a 5.5 h sampling window starting 30 min prior to sunrise and ending five hours after sunrise. We did not conduct surveys in wind speeds > 20 km/h or during precipitation [38, 39] . During point-count surveys, we recorded presence of all bird species we saw or heard during a five-minute period within a 50 m radius of the point [40] . We revisited each point once within four days to increase the probability of detecting all present species. We pooled the species recorded from both visits for analyses (Supplementary Materials).
Statistical Analysis
For all measured characteristics, we grouped and analysed data based on our three disturbance categories: burned treated, burned untreated, and unburned. We used two sample t-tests and ANOVA to contrast differences among treatments where data was sufficient for live tree, pinecones, snags, tree cavities, and CWD patterns. Two sample t-tests were used in replacement of ANOVA when there were too many zero values within one category to conduct a three-way comparison.
The distribution of tree DBH was displayed using kernel density estimates calculated using a Gaussian kernel with Silverman's rule of thumb [41] to determine bandwidth for each treatment. Kernel density estimation is a nonparametric method for determining the likelihood that a random variable falls within a particular range of values and can be used to determine the distribution of data.
We used Redundancy Analysis (RDA), a form of constrained ordination, to contrast both understory cover and bird communities among disturbance types, with disturbance type (treated burned, untreated burned, and unburned) used as our constraining variable [42] . We adjusted for rare species (or understory cover types) using a Hellinger transformation [43] . Multiple-comparisons PERMANOVA was used to assess differences among disturbance types for both ordination analyses. All statistical analyses were conducted using R statistical software (v. 3.4.0, R Foundation for Statistical Computing, Vienna, Austria).
Results
Tree Regeneration
Ponderosa pine was the predominant tree species recorded across our study sites, making up 98% of all trees recorded. Other species recorded included chokecherry (Prunus virginiana Linnaeus; 1%), green ash (Fraxinus pennsylvanica Marshall; 0.4%), and Juniperus sp. Linnaeus (0.05%). Treated burned areas contained only ponderosa pine, while untreated burned sites contained both ponderosa pine and chokecherry. Unburned forests hosted all four species.
There was an average of 133 ± 432 SE live trees per hectare in untreated compared to 400 ± 537 SE live trees per hectare in treated burned sites. Only two of the untreated sites had live trees present, while six of the treated sites had live trees. In comparison, unburned sites had an average live tree density of 36,470 ± 7288 SE trees per hectare. Of the sites containing live trees, average DBH across sites was higher in untreated burned sites (10.69 cm ± 7.89 SE) compared to treated burned sites (4.82 cm ± 1.79 SE), while average basal area was higher in treated burned sites (1.21 m 2 /ha ± 1.19 SE) compared to untreated burned sites (4.82 m 2 /ha ± 0.16 SE). Tree DBH was strongly skewed to the left in treated burned sites, while DBH was much more equally distributed across untreated burned areas ( Figure 1 ). Average DBH and basal area across sites was highest in unburned sites (13.61 cm ± 1.52 SE; 23.33 m 2 /ha ± 1.75 SE). Like treated burned sites, the distribution of tree DBH across unburned areas was strongly left skewed ( Figure 1 ). Ponderosa pine was the predominant tree species recorded across our study sites, making up 98% of all trees recorded. Other species recorded included chokecherry (Prunus virginiana Linnaeus; 1%), green ash (Fraxinus pennsylvanica Marshall; 0.4%), and Juniperus sp. Linnaeus (0.05%). Treated burned areas contained only ponderosa pine, while untreated burned sites contained both ponderosa pine and chokecherry. Unburned forests hosted all four species.
There was an average of 133 ± 432 SE live trees per hectare in untreated compared to 400 ± 537 SE live trees per hectare in treated burned sites. Only two of the untreated sites had live trees present, while six of the treated sites had live trees. In comparison, unburned sites had an average live tree density of 36,470 ± 7288 SE trees per hectare. Of the sites containing live trees, average DBH across sites was higher in untreated burned sites (10.69 cm ± 7.89 SE) compared to treated burned sites (4.82 cm ± 1.79 SE), while average basal area was higher in treated burned sites (1.21 m 2 /ha ± 1.19 SE) compared to untreated burned sites (4.82 m 2 /ha ± 0.16 SE). Tree DBH was strongly skewed to the left in treated burned sites, while DBH was much more equally distributed across untreated burned areas ( Figure 1 ). Average DBH and basal area across sites was highest in unburned sites (13.61 cm ± 1.52 SE; 23.33 m 2 /ha ± 1.75 SE). Like treated burned sites, the distribution of tree DBH across unburned areas was strongly left skewed ( Figure 1 ). One of the six (17%) live trees recorded on untreated burned sites was a ponderosa pine sapling. In contrast, 94% of live trees on treated burned sites were ponderosa pine saplings (17 of 18), with an average sapling density of 31 saplings per hectare ± 4.45 SE. All 15 unburned sites had ponderosa pine saplings, with an average density of 944 saplings per hectare ± 232.69 SE. Ponderosa pine saplings made up 72% of the total number of live trees recorded on unburned sites. Average DBH of saplings was smaller in treated burned (3.12 cm ± 0.36 SE) than unburned sites (5.10 cm ± 0.36 SE). One of the six (17%) live trees recorded on untreated burned sites was a ponderosa pine sapling. In contrast, 94% of live trees on treated burned sites were ponderosa pine saplings (17 of 18), with an We found pinecones at only one treated burned site and only one untreated burned site. There were a total of two pinecones at the treated burned site, and 61 pinecones at the untreated burned site. Every unburned forest site had pinecones present (n = 15), with an average of 107 pinecones ± 15 SE per site.
Wildland Fuels
Only a single snag was recorded across all treated burned sites, while there were 61 snags recorded in untreated burned sites averaging at a density of 1355 ± 335 SE snags per hectare. Snag density in unburned forests was similar to untreated sites, at 1488 ± 450 SE snags per hectare (t = −0.22, p = 0.82). Average snag DBH was higher in untreated burned sites (32.77 cm ± 3.00 SE) than in unburned forests (22.53 cm ± 3.61 SE; t = 2.10, p = 0.04). The DBH of the only snag recorded in treated sites was 32.4 cm. The distribution of snag decay classes differed between unburned forest and untreated burned forest. In untreated burned sites, the distribution was Gaussian in form, with the highest proportion of snags falling in decay class 3 (48%) and very few snags in decay classes 1 (1%) and 5 (6%; Figure 2 ). In unburned forest, the distribution of snag decay classes was right skewed, with the greatest proportion of snags falling in decay class 1 (51%) and 2 (42%), and very few snags falling in decay classes 4 and 5 ( Figure 2 ). The only snag recorded in treated burned areas was a decay class 4.
There was significantly more coarse woody debris cover in untreated burned sites (8.62% ± 1.00 SE) than in treated burned sites (2.92% ± 0.98 SE; β = 5.71, p < 0.01) and unburned sites (2.62% ± 0.98 SE; β = 6.00, p < 0.01; Figure 3) . CWD cover was similar between unburned sites and treated burned sites (β = −0.30, p = 0.97). The distribution of CWD across decay classes was right skewed in untreated burned sites, where the proportion of CWD was highest in decay class 2 (42%) and lowest in decay classes 4 and 5 (5% and 1% respectively; Figure 3 ). The distribution of CWD across decay classes was relatively Gaussian in treated burned sites, with the greatest proportion of CWD still in decay class 2 (36%; Figure 3 ). There was a higher proportion of CWD in decay classes 4 and 5 in treated burned sites than untreated sites (15% each; Figure 3) . In unburned sites, CWD was more evenly distributed across decay classes (Figure 3) . The greatest proportion of CWD fell into decay classes 4 (26%) and 5 (24%), while the lowest proportion of CWD fell in decay class 2 (11%).
Treated burned areas were more strongly associated with grasses and forbs, while untreated burned sites were more strongly associated with fine woody debris and bare ground cover (Figure 4 ; Tables 1 and 2 ). That said, there was no significant difference in overall understory cover composition between treated compared to untreated burned sites (F = 2.16, p = 0.11). Unburned forest sites were strongly associated with high levels of litter ( Figure 4 ) and differed significantly from both treated and untreated burned sites (F = 11.29, p ≤ 0.01; F = 6.09, p ≤ 0.01 respectively).
Forests Table 2 . Inertia and the proportion of inertia that was constrained versus unconstrained in two redundancy analyses of understory cover and avian community composition. Burn classes (treated burned, untreated burned, and unburned) were used as predictor variables.
Inertia Proportion of Inertia
Understory Cover Table 2 . Inertia and the proportion of inertia that was constrained versus unconstrained in two redundancy analyses of understory cover and avian community composition. Burn classes (treated burned, untreated burned, and unburned) were used as predictor variables.
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Wildlife Community and Habitat
We found no cavities in treated burned sites, but we found an average of 27 ± 7.68 SE cavities per hectare in untreated burned sites. The density of cavities in unburned forest sites (70 cavities per hectare ± 30.08 SE) was similar to untreated burned sites (t = −1.40, p = 0.18). Cavity size (untreated burned sites: 4.90 cm ± 1.01 SE; unburned sites: 16.94 cm ± 8.13 SE), the percentage of cavities that were excavated (untreated burned sites: 98% ± 1.67 SE; unburned sites: 67.5% ± 12.24 SE) and average cavity height (untreated burned sites: 2.98 m ± 0.78 SE; unburned sites: 3.40 m ± 0.68 SE) were also similar across untreated burned and unburned sites (t = −1.43, p = 0.17; t = −1.12, p = 0.28; t = −0.31, p = 0.76, respectively).
We recorded nearly double the number of bird species in untreated burned sites (22 species) compared to treated burned sites (12 species). We also recorded 22 bird species at unburned forest sites. Average species richness per site was higher in untreated burned sites (3.64 ± 0.37 SE) and unburned sites (4.21 ± 0.44 SE) compared to treated burned sites (1.64 ± 0.19 SE). Each disturbance type had species that were unique to that type (Table 3 ). However, treated burned sites had by far the fewest, with only the Pica hudsonia Sabine recorded in these sites and no others. Burned untreated sites and unburned sites had five and eight unique species, respectively (Table 3) . Disturbance type explained 12% of variation in avian community composition across sites (Tables 1  and 2 ). Avian community differed significantly between treated and untreated burned sites (F = 2.68, p = 0.03). Treated burned sites were most strongly associated with Zenaida macroura Linnaeus and Pipilo maculatus Swainson, while untreated burned sites were most strongly associated with Tyrannus tyrannus Linnaeus and Colaptes auratus Linnaeus ( Figure 5 ; Tables 1 and 2 ). Unburned sites were significantly different from both treated burned (F = 6.78, p ≤ 0.01) and untreated burned sites (F = 2.22, p = 0.03). Unburned forests were strongly associated with Troglodytes aedon Vieillot, Sitta pygmaea Vigors and Contopus sordidulus Sclater ( Figure 5 ; Tables 1 and 2 ).
(F = 2.68, p = 0.03). Treated burned sites were most strongly associated with Zenaida macroura Linnaeus and Pipilo maculatus Swainson, while untreated burned sites were most strongly associated with Tyrannus tyrannus Linnaeus and Colaptes auratus Linnaeus ( Figure 5 ; Tables 1 and 2 ). Unburned sites were significantly different from both treated burned (F = 6.78, p ≤ 0.01) and untreated burned sites (F = 2.22, p = 0.03). Unburned forests were strongly associated with Troglodytes aedon Vieillot, Sitta pygmaea Vigors and Contopus sordidulus Sclater ( Figure 5 ; Tables 1 and 2 ). 
Discussion
There are clear trade-offs that need to be considered among management objectives when applying post-fire management in eastern ponderosa pine. The consequences of post-fire management to ecological conservation were clear. Post-fire management drastically altered post-fire habitats resulting in the loss of unique avian communities and decreases in available wildlife habitat. This finding is consistent with other studies that have found there are detrimental ecological impacts caused by post-fire management [1, 7, 19] . Although post-fire management in our study region is primarily aimed at wildland fuel control and forest regeneration, these management objectives may be in conflict within treated burned sites. Attempts to hastened forest regeneration through tree planting may have hindered goals of reducing wildland fuels, as the younger and denser stand structures seen in treated burned sites that are indicative of more rapid forest regeneration can be more susceptible to severe fire [44] . Even CWD and snag removal may have trade-offs for wildland fuels control. While coarse woody fuels were lower in treated sites, removal of these fuels may have allowed for more continuous fine fuels. Treated sites tended to have greater grass coverage and less bare ground than untreated sites, which can promote a more rapid spread of surface fire [45, 46] . Similarly, while there was less CWD in treated burned sites, CWD tended to be more decayed, possibly from exposure or damage from machinery during treatments. CWD in higher levels of decay can burn more readily and has been shown to contribute to a greater probability of re-burn [28, 47] . 
There are clear trade-offs that need to be considered among management objectives when applying post-fire management in eastern ponderosa pine. The consequences of post-fire management to ecological conservation were clear. Post-fire management drastically altered post-fire habitats resulting in the loss of unique avian communities and decreases in available wildlife habitat. This finding is consistent with other studies that have found there are detrimental ecological impacts caused by post-fire management [1, 7, 19] . Although post-fire management in our study region is primarily aimed at wildland fuel control and forest regeneration, these management objectives may be in conflict within treated burned sites. Attempts to hastened forest regeneration through tree planting may have hindered goals of reducing wildland fuels, as the younger and denser stand structures seen in treated burned sites that are indicative of more rapid forest regeneration can be more susceptible to severe fire [44] . Even CWD and snag removal may have trade-offs for wildland fuels control. While coarse woody fuels were lower in treated sites, removal of these fuels may have allowed for more continuous fine fuels. Treated sites tended to have greater grass coverage and less bare ground than untreated sites, which can promote a more rapid spread of surface fire [45, 46] . Similarly, while there was less CWD in treated burned sites, CWD tended to be more decayed, possibly from exposure or damage from machinery during treatments. CWD in higher levels of decay can burn more readily and has been shown to contribute to a greater probability of re-burn [28, 47] . Thus, the direct benefits of post-fire management in eastern ponderosa pine forest were less certain than the ecological consequences of these actions.
Tree Regeneration
Tree planting is seen as a way to hasten forest regeneration [48] and reverse potential regime shifts from forest to grassland in eastern ponderosa pine forests. In our study region, three times more treated burned sites had live trees than untreated burned sites. Smaller average tree DBH and a far greater number of ponderosa pine saplings in treated burned sites suggests a younger stand structure likely resulting from tree planting. Planting ponderosa pine seedlings has been shown to largely increase tree density in previously burned areas [49] . While planting is desirable for rapid forest regeneration, it may also increase the risk of high-severity fire in treated areas [7, 18] . Thompson et al., (2007) found that re-burn severity was higher in young conifer plantations compared to naturally regenerating stands. Dense young forests may be more vulnerable to positive feedback cycles of high-severity fire that delay or preclude the establishment of mature forest [44] . Low density naturally regenerating stands have been suggested to be more resilient to wildfire [50] . Continued monitoring could determine if rates of tree regeneration have increased from post-fire management treatments and how patterns in tree density vary across regenerating stands.
The presence of both live trees and pinecones in both treated and untreated burned sites suggest the potential for natural tree regeneration without post-fire management treatments. A review of western U.S. forest response to wildfire found that post-burn forested landscapes have substantial capacity to naturally regenerate [7] . Natural conifer regeneration was found across a variety of settings 9-19 years after high severity fire in mixed-conifer forests in Oregon and California [51] . Our results suggest that similar to western dry-forests, eastern ponderosa pine stands have the capacity to naturally regenerate following high-and moderate-severity fire. Populations of ponderosa pine can spread as a moving front from surviving seed sources following wildfire or through remotely dispersed individuals [50, 52] . Differential regeneration patterns across severely burned sites could be driven by differences in the distance to surviving ponderosa pine stands, which has been shown to be a strong predictor of ponderosa pine regeneration [53] . The importance of structural heterogeneity that is created across multiple spatial scales during natural ponderosa pine regeneration is still not fully understood, however, it is likely to lead to ponderosa pine dominated landscapes that are more resilient to severe wildfire and climate change than overly dense and uniformly planted stands [44, 50] . The appearance of natural regeneration of ponderosa pine following severe wildfire has been shown to take between five to 15 years in other regions [52] . Re-assessment of tree density in the future could provide greater insight into the patterns of natural re-establishment of ponderosa pine in severely burned areas without the assistance of tree planting in eastern ponderosa pine forests.
Woody species composition differed among treatments. Sites we measured in the Pine Ridge were strongly dominated by ponderosa pine, with only three other woody species (≥ 1.4 m) recorded. Unburned forest hosted every species. Treated burned sites were effectively a ponderosa pine monoculture, while untreated burned sites hosted both chokecherry and ponderosa pine. Ecologically, a greater diversity of woody species could support more wildlife diversity. Chokecherry is a common browse species for ungulates following wildfire [54] and a number of bird species utilize chokecherry berries for forage [55] . However, woody competitors might decrease soil moisture, hindering conifer establishment and growth [48] . Control of woody competitors has been shown to increase site potential for ponderosa pine regeneration [56] . Longer-term data could provide insight on the potential for competition with other woody species to influence ponderosa pine establishment in eastern ponderosa pine forests.
Wildland Fuels
Post-fire management clearly achieved its goal of reducing large woody fuels (CWD and snags) following wildfire. For instance, CWD cover was three times lower in treated burned sites than in untreated burned sites on average. Large woody fuels are believed to have little influence on the initiation of wildfire or surface fire spread, though may contribute to the development of larger fires with greater wildfire severity [28, 57] . However, there are few studies that document in situ ecosystem burn data related to large woody fuels like CWD [58] . Greater amounts of CWD contribute to a higher level of available surface fuel which can increase fire intensity [46] . Moreover, CWD can smolder for days after a wildfire [28, 59, 60] , which could allow for re-ignition within the vicinity of the CWD or from spotting after the initial fire has been extinguished [28, 46] . However, in mixed conifer forests in California, CWD did not have a high variable importance relative to other factors (e.g., weather, shrub cover, snag basal area) in affecting re-burn severity [47] . Thus, the influence of CWD on wildfire behaviour should be investigated in eastern ponderosa pine.
Snags were almost completely absent from treated burned sites. While CWD cover was similar among treated burned and unburned forests, snag density in treated burned sites was low relative to unburned forests, which hosted similar snag densities to untreated burned sites. Snags act as an elevated source for embers that can easily catch the wind and support fire spread [46] . Snags have greater potential to contribute to torching, crowning, and spotting where there is dense canopy fuel [28] . We found extremely low tree density in both untreated and treated burned sites relative to unburned forest where live tree density was low. However, Coppoletta et al., (2016) found that high snag basal area resulting from high and moderate severity fire in a 12-year old burn perimeter was an important factor influencing high severity fire in a subsequent re-burn.
Decay class of large woody fuels can similarly influence wildfire behaviour. Fire models of sound CWD combustion suggest there are only slight increases in energy release in surface or crown fire when there are higher levels of CWD [61] . However, decayed and broken up CWD can make a greater contribution to wildfire [28] . Decayed wood has higher surface area-to-volume ratios, providing more area for the smoldering front to access oxygen [62, 63] . Solid, dense logs have a greater heat capacity than decayed logs which are lower density fuels, and thus decayed CWD requires less heat to ignite [46] . In an assessment of post-fire drivers of re-burn severity, Coppoletta et al., (2016) found that decayed CWD mass was influential to re-burn severity in mixed-conifer forest, while sound CWD mass was not. CWD in treated burned sites was far more decayed than in untreated sites. Further investigation in this region is needed to determine how patterns in CWD decay influence patterns in wildfire behaviour.
Fine fuels influence the probability of wildfire ignition and spread, and play a large role in influencing wildfire hazard [45, 46] . For instance, herbaceous fuels have exceptionally high flammability that allows for rapid fire spread [45, 46] . Thus, patchy distributions of fine fuels can decrease fire spread rates across a landscape [64] . Bare ground cover has been found to be an influential predictor of post-fire re-burn severity [47] . The higher bare ground cover that we found in untreated areas could alter the probability of wildfire spread compared to untreated burned sites that were generally associated with higher grass cover. In contrast, higher fine woody debris cover in untreated burned sites can increase the likelihood of sustained ignition, fireline intensity, and fire spread [45, 65, 66] .
Wildlife Community and Habitat Characteristics
There are clear ecological impacts of both severe wildfire and post-fire management in severely burned areas in eastern ponderosa pine forests. However, only sites treated with post-fire management suffered negative impacts to species richness. Numerous studies have noted the importance of mixed-severity wildfire legacies to wildlife community composition and diversity within a landscape [25, [67] [68] [69] . Asynchronous patches dispersed across a landscape can boost landscape heterogeneity, diversity, and resilience [70] . Forest dwelling species like the western wood-peewee (Contopus sordidulus) and pygmy nuthatch (Sitta pygmaea) were strongly associated with unburned sites. Cavity-dwelling species like the redheaded wood pecker (Melanerpes erythrocephalus Linnaeus) and northern flicker (Colaptes auratus) were strongly associated with untreated burned sites. A number of bird species have been shown to be dependent on post-fire habitats [71, 72] . In our study, both unburned forest and untreated burned forest hosted unique species, like the pygmy nuthatch in unburned forest, and the mountain bluebird (Sialia currucoides Bechstein) in untreated burned sites. In contrast, post-fire management treatments hosted a degraded bird community with a low level of uniqueness and almost half the level of species richness, suggesting negative ecological outcomes of post-fire management in severely burned sites. These findings are consistent with post-fire salvage logging studies that found changes in species richness and plant cover following post-fire treatments [12, 13] .
Low species richness within treated burned sites likely reflects the loss of important habitat features such as CWD, snags, and cavities. For instance, the common cavity-dwelling species the house wren (Troglodytes aedon) was abundant across both unburned and untreated burned sites, which had high numbers of snags and cavities, but were completely absent from treated burned sites. Snags and CWD are ecologically important for the recovery of both terrestrial and aquatic systems following fire [73, 74] . Flora and fauna species richness and biomass decrease when snags and coarse woody debris are removed from a landscape [13, 17] . In eastern ponderosa pine, coarse woody debris cover has been shown to be an important factor in determining cavity-nesting bird community composition [75] . Fallen trees can provide important nesting habitat, predator cover, and foraging opportunities [76, 77] . A number of species, ranging from birds to mammals, also select for the presence and characteristics of forest cavities [16, 78] and snag density [16, 79] . Cavity-nesting birds overwhelmingly select for cavities in snags to make their nests [30] . Studies have shown declines in the diversity and abundance of cavityand open-nesting birds with a loss of these structural features [17] .
Conclusions
The potential benefits of attempting to hasten forest regeneration and decrease wildland fuels in eastern ponderosa pine comes at the cost of post-fire habitats, which we demonstrate host unique community compositions that are as species rich as unburned forests. Our results are consistent with a number of other studies that highlight the detrimental ecological impacts of post-fire management that need to be reconciled with other management objectives [1, 7] . Determining the value of post-fire management treatments requires weighing the costs and benefits of management outcomes with management objectives. Land management goals continue to diversify from predominantly yield-based paradigms to those that incorporate a broad range of societal and ecological conservation interests [3, 4] . Given the status of this region as a conservation priority, these consequences will need to be balanced with yield-based goals when planning for future post-fire management in the Pine Ridge region and other eastern ponderosa pine forests. Additional research that includes fire modelling, assessments of patterns in re-burn severity, and long-term assessments of tree regeneration are needed to further quantify the potential benefits of post-fire treatments that are in conflict with one another. Continued uncertainty surrounding the conservation of resilient ecological communities within marketable environments will require cross-disciplinary strategies to better understand and balance conflicting management objectives.
